A natural subviral agent of human hepatitis B virus (HBV), hepatitis delta virus (HDV), requires only the envelope proteins from HBV in order to maintain persistent infection. HBV surface antigens (HBsAgs) can be produced either by HBV replication or from integrated HBV DNA regardless of replication. The functional properties of the integrant-generated HBsAgs were examined using two human hepatocellular carcinoma-derived cell lines, Hep3B and PLC/PRF/5, that contain HBV integrants but do not produce HBV virions and have no signs of HBV replication. Both cell lines were able to support HDV replication and assembly/egress of HDV virions. Neither of the cell lines was able to produce substantial amounts of the pre-S1-containing HDV particles. HDV virions assembled in PLC/PRF/5 cells were able to infect primary human hepatocytes, while Hep3B-derived HDV appeared to be noninfectious. These results correlate with the findings that the entire open reading frame (ORF) for the large (L) envelope protein that is essential for infectivity is present on HBV RNAs from PLC/PRF/5 cells, while an L protein ORF that was truncated and fused to inverted precore sequences was found using RNAs from Hep3B cells. This study demonstrates for the first time that at least some of the HBV DNA sequence naturally integrated during infection can produce functional small and large envelope proteins capable of the formation of infectious HDV virions. Our data indicate that in vivo chronic HDV infection can persist in the absence of HBV replication (or when HBV replication is profoundly suppressed) if functional envelope proteins are supplied from HBV integrants.
H
epatitis delta virus (HDV) is a significant human pathogen, with approximately 20 million people worldwide being chronic carriers. HDV is a natural subviral agent of human hepatitis B virus (HBV) that requires from its helper hepadnavirus only the envelope proteins in order to form virions and infect hepatocytes via the HBV receptor. In infected livers, HDV coexists with HBV. Chronic HBV infection remains a main risk factor for hepatocellular carcinoma (HCC) and is associated with more than half of all HCC cases (1) (2) (3) (4) . Concomitant HDV infection is able to inflict additional liver damage associated with accelerated liver disease, cirrhosis, liver failure, and HCC (5) (6) (7) (8) (9) (10) (11) . Treatment with alpha interferon is beneficial for only a subset of HDV carriers. There are no treatments in clinical practice that directly target HDV, and practically none of the anti-HBV drugs blocks HDV infection (5, 12, 13) . In livers chronically infected with HBV, as many as 90% of hepatocytes may appear to be free of HBV replication markers. HBV-infected individuals can support HDV infection regardless of the presence of HBV replication markers. Often, HDV/HBV carriers exhibit relatively high HDV levels, while HBV levels remain low or undetectable. In the HDV/HBVinfected human liver, a subpopulation of hepatocytes was positive only for HBV, a second subpopulation was positive only for HDV, and another subpopulation was positive for both viruses. Thus, a number of HDV-infected hepatocytes apparently may not display markers of HBV replication. In addition, HDV is able to suppress HBV replication (2, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . The observations presented above indicate that HDV and HBV, while being present in the same liver, may not necessarily be present in the same cell. Furthermore, the data indicate that (i) HDV may not depend on ongoing HBV replication and (ii) chronic HDV infection may actually persist in the absence of HBV replication, if another alternative source of HBV envelope proteins is available.
The envelope proteins can be produced from integrated HBV DNA independently of hepadnavirus replication. During chronic HBV infection, a significant number of hepatocytes contain HBV DNA integrants. Normal hepatocytes that are apparently free of HBV replication markers but still express HBV envelope proteins can appear as a result of resolved HBV infection or via immunemediated selection. In addition, HCC cells may apparently no longer support HBV replication but can still support the production of envelope proteins from HBV integrants (3, (14) (15) (16) (25) (26) (27) .
In this study, we examined the hypothesis that HDV can persist in the absence of HBV replication (or when HBV replication is profoundly suppressed) if functional envelope proteins are supplied from naturally integrated HBV DNA. Such a mechanism of HDV persistence has not been explored previously. A potential obstacle here is that deletions, insertions, and rearrangements are often observed in integrated HBV DNA (28) (29) (30) (31) (32) (33) . In addition, the functional properties of integrant-derived HBV surface antigens (HBsAgs) remain to be fully evaluated (16, 29-31, 34, 35) .
We examined two human cell lines derived from HBV-induced HCCs, Hep3B and PLC/PRF/5 (Alexander cells), that bear HBV integrated DNA but do not produce HBV virions and display no markers of HBV replication (29) (30) (31) 36 ). Both cell lines were able to support HDV replication and assembly and secretion of HDV virions. The HDV virions produced by PLC/PRF/5 cells (HDV-PLC) were able to infect primary human hepatocytes (PHH). However, Hep3B-derived HDV (HDV-Hep3B) appeared to be noninfectious. Our results support the hypothesis that at least some of the natural HBV integrants produce functional large (L) and small (S) envelope proteins (the presence of which represents the minimal requirements for the formation of infectious virus particles) and thus can facilitate HDV persistence, regardless of ongoing HBV replication. Our findings also suggest that HDV is likely a more independent and more significant pathogen than is currently assumed and that HDV/HBV carriers will likely benefit from treatments directly targeting HDV.
MATERIALS AND METHODS

Plasmids, cell lines, and transfection. The LMS vectors, pNF-HBV-LMS-B4, pNF-HBV-LMS-C5, pNF-HBV-LMS-D1, pNF-HBV-LMS-D3
, and pNF-HBV-LMS-F1, were constructed to express the L, middle (M), and S envelope proteins that belong to natural variants of HBV genotypes B, C, D, and F (GenBank accession numbers D00330, AF411411 (Mminus variant), AB205127, V01460 and X69798, respectively). For each LMS vector, the designation at the end of the vector name refers to the HBV genotype and the number of a particular sequence among the variants of the given HBV genotype in the assembled collection of HBV sequences. HBV variants D1, B4, and C5 were acquired during the chronic stage of HBV infection. For variants D3 and F1, the information about their origin was not available (37-40; K. Abe, personal communication). The HBV sequences were inserted into the XhoI/XbaI sites of the pSVL vector (Pharmacia). Each HBV insert begins at the natural start codon of the L protein; contains the entire L protein-coding sequence along with the 3=-untranslated region (3=-UTR), which bears the posttranscriptional regulatory element (PRE); and ends about 100 nucleotides downstream of the PRE. For reference, in a typical HBV genotype A sequence, PRE occupies positions 1151 to 1684 (41) (42) (43) . Hep3B (Hep3B2.1-7) and PLC/ PRF/5 cells (29-31) were purchased from ATCC. To initiate HDV replication and assembly, Hep3B and Alexander cells were transfected with plasmid pSVLD3 (44) . Each type of reference HDV virion was produced by cotransfection of Huh7 cells with a 1:1 mixture of pSVLD3 and one of the LMS vectors described above using the Fugene HD reagent (Roche) according to the instructions of the manufacturer.
Immunoprecipitation. Immunoprecipitation (IP) experiments were conducted using the method that was described previously and employs Pansorbin cells (Calbiochem) (45) . Rabbit polyclonal antimatrix antibodies were generated by GenScript. They were raised against the synthetic peptide that spans amino acid residues 91-IPPPASTNRQSGRQPTPISPP LRDSHPQAMQWNSTAFH-128 of the pre-S region of the L envelope protein (genotype A of HBV) and contains the conserved matrix domain (underlined) (45, 46) . According to the software predicting the antigenic sites in proteins (mobyle.pasteur.fr/cgi-bin/portal.py?#forms::antigenic), the peptide described above harbors a single antigenic determinant, TPIS PPLRDS, which is located within the pre-S1 domain. Thus, it was anticipated that IP with the antimatrix antibodies would specifically target only the pre-S1-containing HDV particles. The virions that contain the pre-S1 domain of the L envelope protein (which interacts with the HBV receptor [45] ) on the outer surface are considered potentially infectious. In a separate study, we examined the specificity of the antimatrix antibodies. Two types of HDV virions were examined. The first type of HDV virion (HDV-D1 LMS) was assembled using the vector expressing the L, M, and S proteins of HBV variant D1 (i.e., pNF-HBV-LMS-D1). The second type (HDV-D1 L-minus) was prepared using the L-minus version of the above-mentioned vector, which was modified to express the M and S envelope proteins but not the L envelope protein. The antimatrix antibodies were compared to the S26 mouse monoclonal antibody that recognizes the QDPR sequence in the pre-S2 domain (47) and therefore is able to bind the L and M proteins. Using HDV-D1 L-minus virions, it was found that the antimatrix antibodies (compared to the S26 antibody) were unable to immunoprecipitate about 78% of the L Ϫ M ϩ S ϩ virions. This result suggests that the antimatrix antibodies very poorly recognize the M protein, which is exposed on the outer surfaces of the particles. Using HDV-D1 LMS virions, it was deduced that the fraction of the L proteincontaining particles in the virions that were pulled down during the IP procedure by the antimatrix antibodies was at least 83%, while the rest of precipitated virions (about 17% or less) may consist of particles that (i) bear the pre-S2 sequences in the context of the M protein and (ii) do not contain the L protein (i.e., the virions were L Ϫ M ϩ S ϩ ) (data not shown). Because HDV virions containing the pre-S1 domain (pre-S1-HDVs) represented the predominant majority of the virions that were immunoprecipitated by the antimatrix antibodies, the contribution of virions that contained the M protein but not the L protein can be considered not significant. The virions that were immunoprecipitated by the antimatrix antibodies were designated pre-S1*-HDVs, because these antibodies demonstrated significant preferential but not exclusive specificity for the pre-S1-bearing virus particles. The use of the asterisk indicates that the virions which were immunoprecipitated by the antimatrix antibodies were predominantly pre-S1-HDVs with the addition of not significant amounts of particles that bore the M protein but not the L protein. The pre-S1*-HDVs therefore served as an acceptable approximation of the fraction of virions that are potentially infectious. The ratio of 3 l of antimatrix antibodies per 10 l of the concentrated HDV stock (prepared using polyethylene glycol [PEG] [48] ) was found to be optimal in order to achieve the best performance of the IP procedure. In addition, the optimized IP procedure was tested using different HDV stocks that were prepared by employing the envelope proteins of 17 different HBV variants. Regardless of the presence of the variant-specific amino acid residues that were not identical to those in the region of the peptide sequence mentioned above (positions 91 to 128 in HBV genotype A), the IP procedure was able to pull down the pre-S1*-HDVs with an efficiency that was very similar for the different HDV stocks tested. It appears that approximately 90% (and, in some cases, Ͼ90%) of all the pre-S1*-HDVs were precipitated. In addition, no correlation was observed between the amounts of the immunoprecipitated pre-S1*-HDVs and the presence of particular nonidentical residues (or their combinations) in the region spanned by the peptide mentioned above (not shown). Therefore, it was concluded that antimatrix antibodies recognize the envelope proteins of different HBV variants with comparable efficiencies.
RNA isolation and real-time PCR (qPCR) assay. Total RNA from cells or virions (including Pansorbin cell-bound particles) was isolated with the TRI Reagent (Molecular Research Center) and then treated with DNase (Life Technologies) prior to further analysis. The genomic (G) HDV RNA was measured using quantitative PCR (qPCR) as previously described (48) . The copy numbers were quantified by using a 10-fold dilution series of an in vitro-transcribed, gel-purified, unit-length G HDV RNA standard in the range of 20 to 2 ϫ 10 6 genome equivalents (GE) of HDV and by considering that 1 million HDV RNA molecules are equal to 1 pg of the RNA standard.
Infection of PHH in vitro.
The PHH were purchased in the format of 48-well plates from Life Technologies. HDV virions were concentrated approximately 100-fold before infection using PEG. The infection of PHH was performed in the presence of 5% PEG 8000 (Sigma), as described previously (48) . Infected PHH were assayed at 9 days postinfection.
Immunofluorescence. The immunofluorescence (IF) procedure is described in detail elsewhere (48, 49) . PHH were fixed at room temperature with 4% paraformaldehyde for 30 min, washed two times with phosphate-buffered saline (PBS), and then permeabilized using 0.2% Triton X-100 solution in PBS. Mouse monoclonal antibody against human alpha-tubulin (Sigma) and polyclonal rabbit antibodies against the delta antigens (␦Ags) were used to stain the PHH. Nuclear DNA was stained using 1 g/ml DAPI (4=,6-diamidino-2-phenylindole) solution (Sigma). An inverted Nikon TE2000-U microscope with a ϫ20 objective was used for analysis of stained PHH.
Analysis of HBV integrant-derived RNAs using PCR, cloning, and sequencing. To examine the presence of specific HBV sequences on the RNAs harvested from nontransfected Hep3B or Alexander cells, primer A (470-CGGGCAACATACCTTGATAATCCAGA-445), primer B (2813-A TTTTGTGGGTCACCATATTCTTGGGAACAA-2843), primer C (3186-TCTAAGAGACAGTCATCCTCAGGC-3209), primer D (138-GGGACC CTGCACCGAACATG-157), primer E1 (E1 was used only for the material from Alexander cells; 2878-CCTCTCGAGTGGGGGAAGAAT-2898), primer E2 (E2 was used only for the material from Hep3B cells; 2878-GCAAAGGCATGGGGACGAAT-2898), and primer F (1886-CAA GGCACAGCTTGGAGGCTT-1866) were used. Six PCR assays were conducted using the pairs of primers BA, CA, DA, E1A, E2A, and FA. Primer R (752-ACCACATCATCCATACTGAAAGCC-726) was used for reverse transcription. Primers B and A were also used for sequence analysis of the region coding for 211 N-terminal amino acids of the L protein. Primers G (801-ATTGTAACAGCGGTATAAAGGGA-740) and H (413-CTGCTGC TATGCCTCATCTTCTT-435) were utilized to analyze the sequences coding for amino acids 95 to 209 in the S domain. For the latter assay, primer K (873-GTTTAGGGAATAACCCCATCTCTTCGT-847) was used for cDNA synthesis. The nucleotide numbering is according to that for HBV genotype A (41) (42) (43) . The PCR products obtained with primer pairs BA and GH were cloned into pCRII-TOPO vector (Life Technologies), and the resulting clones were sequenced using M13 universal primers.
To address further the functionality of the integrant-derived envelope proteins, total RNA from Alexander cells was used and the entire open reading frame (ORF) for the L envelope protein was amplified by reverse transcription-PCR using the following primers: (i) for cDNA synthesis, primer M (1190-TCAGCAAACACTTGGCACAG-1171); (ii) for the outer (first) PCR, primers B and N (1120-GAAAGGCCTTATAAGTTGG CGAGAA-1096); and (iii) for the inner (second) PCR, primers P (TCTA GTCGAC-2854-ATGGGGCTTTCTTGG-2868, which starts with an adaptor sequence containing the SalI site [underlined] and continues with the HBV-specific sequence) and Q (GTAGCTAGC-1084-GCTTAGCTT GTATACATGCATATA-1061, which starts with an adaptor sequence containing the NheI site [underlined] and continues with the HBV-specific sequence). The resulting product of the nested PCR spanning the entire ORF of the L protein was digested with the SalI and NheI restriction enzymes and cloned into the pSVL vector (Pharmacia) using the XhoI/ XbaI sites. Next, to ensure the export of the mRNA into the cytoplasm and its proper translation, the fragment of the HBV genotype G genome (because the initial sequencing of the cloned ORFs for the L protein revealed that they belong to genotype G of HBV) that starts immediately downstream of the L protein ORF, includes the PRE, and finishes about 100 nucleotides downstream of the PRE (42, 43) was introduced immediately next to the 3= end of the ORF of the L protein that was cloned into pSVL using the material from Alexander cells. To amplify the fragment described above, plasmid pNF-HBV-LMS-G1, which is a vector that expresses the L, M, and S envelope proteins of HBV genotype G, variant 1 (GenBank accession number AF405706), was used. The primers for this amplification were S (1032-CCAATGTGGTTACCCTGCCT-1047) and T (GCTTAGC-1788-GCCTACAGCCTCCTA-1773, which starts with an adaptor sequence containing the BlpI site [underlined] and continues with the HBV-specific sequence). Prior to the cloning into the construct bearing the sequences coding for the entire ORF of the L protein (from PLC/PRF/5 cells), the PCR product obtained with primer pair ST was digested with Eco91I. After completion of the cloning and sequencing, two sequences initially derived from RNA harvested from Alexander cells were selected and designated ORF52 and ORF62. Based on these sequences, two LMS vectors expressing ORF52 or ORF62 were constructed and were designated pNF-LMS-ORF52 and pNF-LMS-ORF62, respectively. These two LMS vectors were subsequently used to assemble two virus types, HDV-PLCORF52 and HDV-PLCORF62, respectively, as described above, using a strategy of cotransfection of Huh7 cells.
RESULTS
HDV assembly in Hep3B and Alexander cells.
Hep3B cells apparently contain at least two HBV integrants, while PLC/PRF/5 cells bear at least seven HBV inserts. Neither of the cell lines produces HBV nor exhibits markers of HBV replication (29) (30) (31) . Since a main substrate for integration is a double-stranded linear (DSL) HBV genome, the production of the pregenomic and precore RNAs from such an integrant is not anticipated, while mRNAs encoding the L, M, and S envelope proteins can be transcribed as HBV-host hybrids harboring host sequences at the 3=-end immediately prior to the poly(A) tail. The functional properties of the polypeptides translated from these integrant-derived mRNAs have yet to be fully evaluated (16, 29-31, 34, 35) . Cells of both of the cell lines, Hep3B and Alexander cells, were transfected with plasmid pSVLD3 (44) to initiate HDV replication. As a control, Huh7 cells were simultaneously transfected with pSVLD3 and the vector pNF-HBV-LMS-D3 that expresses functional L, M and S of HBV genotype D, variant 3.
qPCR analysis of the intracellular accumulation of HDV G RNA between days 3 and 17 posttransfection revealed that both Hep3B and Alexander cells supported HDV replication at levels comparable to those supported by Huh7 cells (Fig. 1A ). All three cell lines facilitated the assembly and secretion of HDV (Fig. 1B) . At 3 days posttransfection, HDV secretion levels were comparable in all cell lines. Between days 5 and 11 posttransfection, HDV virions were produced the most efficiently by Huh7 cells. During this time period, Hep3B cells were producing about 2 to 12 times less HDV virions (HDV-Hep3B). Starting on day 13, Hep3B cells displayed levels of HDV secretion approximately 2 to 5 times higher than those for Huh7 cells. Between days 5 and 17, compared to Huh7 cells, Alexander cells secreted about 4 to 121 times less HDV (HDV-PLC), which were the lowest HDV yields observed among the three cell lines.
Assembled HDV-Hep3B and HDV-PLC virions were then compared to the reference HDV types, each of which was produced in Huh7 cells by cotransfection with pSVLD3 and the LMS vector expressing the envelope proteins of a particular natural HBV variant. Those were HDVs coated with the envelope proteins of either HBV genotype (i) B (HDV-B4), (ii) C (HDV-C5), (iii) D (HDV-D1), or (iv) F (HDV-F1). Thus, all of the HDV types, including HDV-Hep3B and HDV-PLC, contained the same HDV ribonucleoprotein inside the virions and differed only by the origin of the HBV envelope proteins employed for assembly. Prior to further analysis, all the HDV stocks described above were concentrated about 100-fold using polyethylene glycol (48) . The results of comparison of the concentrated virus stocks are summarized in Table 1 . HDV-F1 displayed the highest total concentration of HDV virions. The total concentration of HDV-D1 virions was approximately 5-fold lower. For HDV-Hep3B and HDV-C5, the total HDV levels were 11.7% and 5.7%, respectively, compared to that of HDV-F1. The concentrations of HDV-B4 and HDV-PLC were 1.1% and 2.1%, respectively. Therefore, the total HDV yields facilitated by HBsAgs expressed in Hep3B and Alexander cells were within the range observed for the envelope proteins of natural HBV variants. The fraction of pre-S1-containing and therefore potentially infectious virions (because the N terminus of the pre-S1 domain harbors the receptor-binding region [50] ) was analyzed using immunoprecipitation (IP) with antimatrix antibodies against the peptide harboring the conserved HBV matrix domain (3, 46, 50) . As described in Materials and Methods, the antimatrix antibodies displayed a strong preference but not an exclusive specificity for the pre-S1 domain. In a separate study, it was determined that the virions immunoprecipitated using the antimatrix antibodies were predominantly (greater than 80%) pre-S1-containing HDVs along with a not significant fraction (less than 20%) of L Ϫ M ϩ S ϩ virions (not shown). The HDV virions pulled down with the antimatrix antibodies were designated pre-S1*-HDVs, indicating that the predominant majority of the precipitated virions were pre-S1-HDVs. Pre-S1*-HDV quantification therefore served as an acceptable approximation of the content of potentially infectious HDV virions. The results of the IP-based quantification of pre-S1*-HDVs are presented in Table  1 . The largest fractions of pre-S1*-HDVs were found in HDV-D1 and HDV-F1, 32.1% and 27.3%, respectively. For HDV-B4 and HDV-C5, the percentages of pre-S1*-HDVs were 16.1% and 12.4%, respectively. The lowest yields of pre-S1*-HDVs were measured in HDV-Hep3B (0.5%) and HDV-PLC (1.0%). The percentages of the pre-S1*-HDVs measured for HBV-Hep3B and HDV-PLC were not significantly higher than the cutoff value of the sensitivity of the IP procedure, which was determined using HDV coated with the S envelope protein only (i.e., 0.2%).
Infectivity of HDV virions coated with the envelope proteins produced from integrated HBV DNA. The infectivity of HDVHep3B and HDV-PLC was compared to that of HDV-B4, HDV-C5, HDV-D1, and HDV-F1 using in vitro infection of PHH. Four independent infections were conducted using four different PHH lots. For the experiments detecting HDV-positive hepatocytes using immunofluorescence (IF), the multiplicity of infection (MOI) was in the range of 25 to 100 total HDV virions per hepatocyte. HDV-infected cells were detected using rabbit polyclonal antibodies against recombinant small delta antigen (␦Ag) (48) . Representative IF images are shown in Fig. 2 . No HDV-positive cells were observed during any of the infections among PHH inoculated with HDV-Hep3B virions ( Fig. 2A) . Therefore, HDVHep3B was considered noninfectious. Unlike HDV-Hep3B, HDV-PLC (Fig. 2B ) was infectious on all occasions. HDV-PLC was able to infect between 0.43% and 1.96% of PHH (MOI, 25 to 50). Similarly, HDV-positive PHH were observed during all infections for HDV-B4, HDV-C5, HDV-F1, and HDV-D1 (Fig. 2C to F, respectively). For HDV-D1, the percentage of infected PHH was in the range of 16.60% to 28.25% (MOI, 100). For HDV-F1, the fraction of infected hepatocytes was 3.71 to 23.41% (MOI, 100). For HDV-B4 (MOI, 30) and HDV-C5 (MOI, 50 to 100), the observed fractions of infected cells were 0.52 to 6.18% and 1.94 to 18.99%, respectively. In agreement with previous observations (48) , two typical patterns of ␦Ag subcellular localization in infected PHH were observed (Fig. 2) . The major pattern was nucleoplasmic staining, and the minor one included additional staining in the cytoplasm. Next, the extent of HDV replication in infected PHH was measured by a qPCR that specifically assayed the number of HDV genomic RNA copies in isolated total cellular RNA (48) . Based on the qPCR data, the specific infectivity (SI) values were calculated. The SI reflects the number of HDV genomes produced as a result of infection per average hepatocyte, which is normalized by the pre-S1*-HDV MOI (the number of pre-S1*-HDVs per hepatocyte used in the inoculum). The average SI determined for HDV-D1 was the highest and was used as the 100% value. All other SI values were expressed relative to the SI of HDV-D1 (Fig. 3) . HDV-F1 and HDV-C5 had intermediate SI levels of 57.3% and 33.5%, respectively, while HDV-B4 displayed a relatively low SI level of 6.4%. For HDV-PLC, the average SI value observed was 8.8%. As expected, HDV-Hep3B had the lowest SI value of 1.4%. Overall, the generated data demonstrate that HDV-PLC was infectious, while Hep3B appeared to be noninfectious.
To examine further the infectivity of HDV-PLC, the entire ORF for the L envelope protein was PCR amplified using total RNA from nontransfected Alexander cells and then cloned into the vector that enables the expression of the L, M, and S proteins after transfection. Two different ORF sequences were used to produce HDV-PLCORF52 and HDV-PLCORF62 virus stocks using the above-described strategy of cotransfection of Huh7 cells. The total numbers of HDV virions/l in the concentrated stocks of HDV-PLCORF52 and HDV-PLCORF62 were 3.51 ϫ 10 5 and 7.97 ϫ 10 5 , respectively. These values correspond to 4.0% and 9.2%, respectively, compared to the yield of HDV-F1 virions (see Table 1 for comparison), and are similar to the total yield of HDV facilitated by a natural variant of HBV genotype G (GenBank accession number AF405706), which was 7.53 ϫ 10 5 GE/l (in a concentrated stock) (not shown). The measured percentages of pre-S1*-HDVs were 9.3% for HDV-PLCORF52 and 33.0% for HDV-PLCORF62. The increased fractions of pre-S1*-HDVs (compared to HDV-PLC [ Table 1 ]) are likely a result of efficient L protein expression from a strong simian virus 40 late promoter located upstream of the cloned ORFs in the expression vectors. Given that the expression of the S protein in both vectors occurred from the authentic HBV promoter, the results presented above suggest that in Alexander cells, the S proteins per se are likely not deficient in the formation and egress of the L-S complexes, and the low percentage of pre-S1-HDVs in HDV-PLC could be explained at least in part by the low rates of L production/accumulation. At an MOI of 100, HDV-PLCORF52 and HDV-PLCORF62 infected 4.17% and 10.42% of PHH, respectively, which is consistent with the higher percentage of pre-S1-HDVs in the inoculum. The SI values for HDV-PLCORF52 and HDV-PLCORF62 were 24.84% and 10.42%, respectively, compared to the SI value for HDV-D1 (see Fig. 3 for comparison) . These results suggest that the L proteins encoded by ORF52 and ORF62 likely have no obvious defects in supporting HDV infectivity. Since these SI values were similar to or less than 3-fold higher than the SI value for HDV-PLC (Fig.  3) , it is possible that HDV-PLC consists of virions, the individual infectivities of which do not differ significantly.
Analysis of RNA sequences transcribed from integrated HBV DNAs. Next, we conducted further examination of the HBV RNAs transcribed from the integrated DNAs using reverse transcription-PCR, followed by cloning and sequencing, in order to better understand the results of the infectivity assays. Several different PCR assays were developed to examine the presence of specific HBV sequences on mRNAs accumulated in untransfected Hep3B and Alexander cells (Fig. 4) . Primers A, B, and R spanned sequences that are conserved among different HBV genotypes, A to I. The design of the other primers, C, D, F, E1, and E2, incorporated the information about HBV integrants found in Alexander cells and Hep3B cells (30, 34, 35, 51) and our data acquired by partial cloning/sequencing of RNA sequences accumulated in the cell lines mentioned above (not shown). The PCR products BA, E1A, CA, and DA were observed for RNAs harvested from Alexander cells, which was consistent with the presence of the 5=-UTR and sequences coding for the entire pre-S1 and pre-S2 regions and for a considerable N-terminal portion of the S domain ( Fig. 4A  and B) . In contrast, using total RNA from Hep3B cells, we observed the absence of the PCR product BA and the presence of the E2A, CA, DA, and FA products (Fig. 4C and D) , suggesting that the 5=-UTR and sequences coding for the N terminus of the pre-S1 region are not expressed in Hep3B cells. The results presented in Fig. 4 and subsequent examination of the sequences which were amplified by a PCR assay with primer pair FA using RNA har- a Total yield values represent the numbers of HDV genome-containing particles (i.e., the numbers of HDV GE) per microliter of stock for any given type of HDV virion. All virions contained the S protein, while only a fraction of potentially infectious virions contained the molecules of the L protein with the pre-S1 domain exposed on the outer surfaces. b The highest total HDV yield observed for HDV-F1 type was used as the value of 100% for comparison of the efficiency of virion production for the other HDV types. c The pre-S1*-HDV yield values represent the amounts of virions that were immunoprecipitated using the antimatrix antibodies (HDV GE/l of stock). The antimatrix antibodies displayed strong preferential specificity in binding to the pre-S1 sequences, and the values of pre-S1*-HDV yield serve as a good approximation for the quantification of potentially infectious (L protein-containing) particles. The asterisk indicates that the predominant majority of precipitated particles were pre-S1-HDVs (greater than 80%), and the rest (less than 20%) were apparently L Ϫ M ϩ S ϩ virions (see Materials and Methods). d The percentage of pre-S1*-HDVs shows the fraction of pre-S1*-HDVs relative to the total number of secreted virions for any given HDV type. f The HDV stocks were concentrated using PEG, as described in Materials and Methods. The data presented here reflect the averages obtained by analysis of several independent preparations of the virus stocks, as indicated in footnotes g to j. To calculate the copy numbers of genomic (G) HDV RNA, the in vitro-transcribed, gel-purified, unit-length G HDV RNA standard was used in the G HDV RNA strand-specific qPCR assay (48) . In each qPCR assay, each RNA sample was analyzed in triplicate. The standard errors of the means for both kinds of measurements (total HDV yield and yield of pre-S1*-HDVs) are indicated. g Seven independent preparations were used. h Three independent preparations were used. i Four independent preparations were used. j Two independent preparations were used.
vested from Hep3B cells (Fig. 5) were consistent with the description of an integrant in Hep3B cells that has (i) a large deletion that includes the pre-S1 promoter, the 5=-UTR, and the N terminus of the pre-S1 region and (ii) a rearrangement which resulted in the joining of the remainder of the truncated pre-S1 domain to the inverted precore/core sequences (Fig. 4D) (30) . Interestingly, the junction site mapped on RNAs accumulated in Hep3B cells, precore position 1819 (1818)-pre-S1 position 2877 (2878) (the positions in parentheses are shown because the second T of the TT dinucleotide at the junction site could belong to either the precore or the pre-S1 region) was not the exact match for the junction that was previously determined on the DNA integrant, which was precore position 1815-pre-S1 position 2875 (Fig. 5) (30) . All these data ( Fig. 4 and 5 ) argue against expression of the L protein in Hep3B cells and are consistent with HDV-Hep3B being noninfectious. The existence of the PCR product FA for RNA from Hep3B cells (Fig. 4C) suggests that transcription of the RNA bearing the inverted precore/core sequences joined to the truncated pre-S1 domain is driven by an unknown cellular promoter.
We further analyzed (i) the sequence of the N-terminal part of the L envelope protein that contains the HBV receptor-binding site and also (ii) the sequence of the S domain at and around the HDV-binding site (HDV-BS) that is essential for HDV assembly (45, 52). As described above, the intact sequences coding for the pre-S1 domain were found only on RNAs from Alexander cells and not on RNAs from Hep3B cells (Fig. 4) . Figure 6A shows the N-terminal region of the L protein (amino acids 1 to 211) determined using HBV RNAs from Alexander cells. No deletions or other rearrangements were observed. The closest match to the most abundant sequence was a variant of genotype G (GenBank accession number BAG50284.1; 88% sequence identity). The most abundant sequence found in Alexander cells (7/14 sequences) was identical to the ORF52 sequence, and one of the least abundant sequences was a match for the ORF62 sequence (1/14 sequences), which means that ORF52 and ORF62 together represent the majority (8/14) of RNA sequences recovered from Alexander cells. Therefore, our data regarding the infectivity of HDV-PLCORF52 and HDV-PLCORF62 are likely representative for the majority of HDV-PLC virions. In addition, taking into consideration (i) the above-mentioned total yields of HDV virions facilitated by ORF52 and ORF62 and (ii) the fact that the sequences of ORF52 and ORF62 correspond to the majority of sequences recovered from Alexander cells, it became apparent that the majority of the L protein mRNAs in Alexander cells encode envelope proteins that are likely not defective in supporting assembly of reflects the number of new HDV genomes per hepatocyte produced as a result of infection normalized by the pre-S1*-HDV MOI. The pre-S1*-HDV MOI is the number of the pre-S1*-HDVs per hepatocyte used in the inoculum. The numbers of HDV genomes in the inoculum and in total RNA harvested from infected primary human hepatocytes were determined using an HDV-specific qPCR assay (48) . Averaged data from four independent infection experiments are shown (HDV-B4 was assayed in three out of four infections). The average SI for HDV-D1 was the highest and was used as the 100% value. infectious HDV. Within the N terminus of the pre-S1 domain (up to position 86 for HBV genotypes bearing the pre-S1 domain of 119 amino acids [45] ), which is critical for the infectivity of HBV and HDV, all the recovered sequences were identical, which suggests that if the variants of the L envelope protein presented in Fig.  6A would have facilitated different levels of HDV infectivity, this should have been mediated by residues outside the N terminus of the pre-S1 domain. Curiously, the entire pre-S1 domain differed by a single amino acid at position 101 (the position that is dispensable for HDV infectivity [45, 53] ) between ORF52 and ORF62, in which the former had K and the latter had G. Given the variety of recovered RNA sequences, it is conceivable that in Alexander cells, Alexander cells or Hep3B cells was extracted with the TRI Reagent, reverse transcribed using primer R, and then assayed for the presence of the specific HBV sequences related to the production of the envelope proteins using six different PCR assays, which employed the pairs of primers FA, BA, E1A, E2A, CA, and DA. The numbering for the primers' locations and for other indicated HBV-specific boundaries is based on the genomic organization of a typical genotype A of HBV (41) . Primers A, B, and R were based on the sequences conserved among different HBV genotypes, A to I. Primers C, D, E1 (E1 was used only for the material from Alexander cells), E2 (E2 was used only for the material from Hep3B cells), and F were designed on the basis of information (i) that we acquired by partial sequencing of the RNAs from Hep3B and Alexander cells and (ii) that was previously published for HBV integrants found in the above-mentioned cell lines (30, 34, 35, 51) . Primer B is placed in the conserved 5=-UTR of L protein mRNA. The occurrence of the PCR product BA should reveal the presence of the pre-S1 domain and most of the open reading frame for the L protein on RNA regardless of the origin of the HBV sequence, because the PCR assay BA is based on sequences conserved among different HBV genotypes, A to I. (A and C) PCR analysis of total RNA harvested from Alexander cells (A) and Hep3B cells (C). Lanes M, double-stranded DNA markers. Selected molecular sizes (in base pairs) are indicated to the left of the gel images. The presence or absence (negative controls) of reverse transcriptase (RT) during cDNA synthesis is indicated at the bottom of the gel images. The types of the PCR assays that were conducted are indicated at the top of the images above the corresponding lanes. For example, BA indicates that the PCR using the B and A primers was conducted. Note that in panel A, one of the PCR assays was E1A (specific for RNAs from Alexander cells), while in panel C, it was replaced by the PCR assay E2A (specific for RNAs from Hep3B cells). The sizes (in base pairs) of the observed PCR products BA, E1A (or E2A), CA, DA, and FA are indicated on the right. Note in panel A that the PCR product FA was not observed, as expected (see the diagram in panel B). The results shown in panel A indicate (i) the presence of the 5=-UTR and sequences coding for the pre-S1 and pre-S2 regions and for a considerable part of the N terminus of the S domain on RNAs accumulated in Alexander cells, as well as (ii) the absence of rearrangements in the assayed area on the corresponding integrated HBV DNA. The PCR products observed in panel A are consistent with the diagram presented in panel B. In panel C, the PCR product BA was not observed. The results shown are consistent with (i) the absence of the 5=-UTR and the sequences coding for the N terminus of the pre-S1 region on RNAs expressed in Hep3B cells and (ii) a deletion/rearrangement in the corresponding integrated DNA that resulted in the loss of (a) the pre-S1 promoter, (b) the 5=-UTR, (c) the N terminus of the pre-S1 domain, and (d) a considerable region upstream of the pre-S1 promoter, which led to the fusion of the remainder of the pre-S1 domain to the inverted precore (PreC)/core sequences. The occurrence of the FA PCR product strongly suggests that the corresponding RNA sequences were transcribed using an unknown cellular (non-HBV) promoter. The PCR products observed in panel C are consistent with the diagram presented in panel D. (B) Locations and orientations of the primers relative to nonrearranged HBV integrant, which is the likely template for the synthesis of HBV RNAs producing the L, M, and S envelope proteins in Alexander cells. The diagram is consistent with the description of one of the integrants found in Alexander cells, which has no alterations or rearrangements in the assayed area, bears the entire L protein open reading frame (51), and therefore likely facilitates the production of at least functional L and S proteins. The left-hand side position of the integrant is shown to be at approximately nucleotide 1832, which reflects the fact that the main substrate for integration is the DSL HBV DNA genome (16) . (D) Locations and orientations of the primers relative to the integrated HBV DNA, which is the likely template for the synthesis of HBV RNAs encoding the envelope proteins in Hep3B cells. The diagram is consistent with the description of the integrant found in Hep3B cells, which has a deletion/rearrangement that resulted in the loss of the pre-S1 promoter, the N terminus of the pre-S1 domain, and fusion of the remainder of the pre-S1 sequences to the inverted precore/core sequences. The positions of the precore and pre-S1 sequences at the junction site are shown in the integrant, as previously described (30) . more than one HBV integrant facilitates production of the L envelope protein.
The alignment presented in Fig. 6A allows us to conduct an additional analysis of the sequences that were found in Alexander cells in terms of their ability to react with the antimatrix antibodies. Compared to the sequence of the peptide that was originally used to produce the antimatrix antibodies, there were a few residues present in the alignment that were not identical to the abovementioned peptide sequence. Clearly, V(90) and T(100) (the numbering is for a typical genotype G sequence; Fig. 6A ) do not influence the interactions with the antimatrix antibodies. They are both present on the ORF62 sequence, for which we already determined a relatively high percentage (i.e., 33.0%) of pre-S1*-HDVs in the HDV-PLCORF62 virus stock. Only 3/14 sequences bore the unique L(120) residue, while a very abundant nonidentical residue, K(101), was present on 10/14 sequences shown in the alignment. As stated above, this is the only position in which nonidentical residues were found within the entire pre-S1 domain in the sequences of ORF52 [which contains K(101)] and ORF62 [which bears G(101)]. Therefore, the change G(101)K was introduced into the ORF62 sequence to create the ORF62G(101)K mutant. When the two newly made virus stocks, HDV-PLCORF62 and HDV-PLCORF62G(101)K, were assayed by IP with the antimatrix antibodies, practically no differences were observed. The fraction of pre-S1*-HDVs in HDV-PLCORF62 in the new experiment was measured to be 37.5%, while for HDV-PLCORF62G(101)K, the percentage of pre-S1*-HDVs was 34.8%. The result suggests that there was no defect in the recognition of pre-S1*-HDVs by the antimatrix antibodies in the HDV-PLCORF62G(101)K stock. It also became apparent that the observed differences in the percentages of the pre-S1*-HDVs between HDV-PLCORF52 and HDV-PLCORF62 are not related to the above-mentioned K residue at position 101. In addition, using the data presented in Fig. 5 , the sequences of the C terminus of the pre-S1 domain were deduced from the corresponding nucleotide sequences found in Hep3B cells. Within the region that is recognized by the antimatrix antibodies, no residues that could potentially alter the interactions with the antimatrix antibodies were found (not shown). Therefore, it was interpreted that if the L protein would have been expressed in Hep3B cells, it would be easily identified by IP using the antimatrix antibodies. Overall, considering these new findings and the above-mentioned data from an analysis of different HBV variants that was conducted in a separate study, it was concluded that in Hep3B and Alexander cells there was no considerable number of sequences found that would not be efficiently recognized by the "anti-matrix" antibodies.
Next, we examined the sequences coding for amino acids 95 to 209 of the S domain spanning the region of the major antigenic loop (MAL) that is important for infectivity and HDV-BS (45, 52) . In Alexander cells (Fig. 6B) (Fig. 6B) . In Hep3B cells (Fig. 6C) , 11 sequences were identical to a previously reported HBV sequence (GenBank accession number GQ477489.1; HBV genotype A, subtype A2) and displayed no mutations in the MAL and HDV-BS. The 12th sequence had an insertion [T(113)TT] and a unique deletion, which may lead to the translation of non-HBV sequences starting at position 161 and the possible production of a hybrid protein. The deletion mentioned above also resulted in four premature stop codons downstream of position 160, which could explain the low abundance of this sequence. In addition, the latter sequence may indicate mRNA transcription from a different HBV integrant. Overall, the majority of sequences recovered from both cell lines had an un- Fig. 4 and 5, the complete sequences that begin at the N terminus of the pre-S1 domain were obtained only for RNAs from Alexander cells. The displayed region covers positions 1 to 211, which includes the entire pre-S1 and pre-S2 domains and the first 38 N-terminal residues of the S domain. The first N-terminal residue of the pre-S1 domain is position 1 (the numbering is for HBV genotype G [41] ). The reference sequence (GenBank accession number BAG50284.1; HBV genotype G) is shown on the top. This sequence is the closest match (88% identity) to the most abundant sequence recovered from Alexander cells (the second line from the top, in which the sequence is presented as a single-letter amino acid code). The most abundant sequence (marked with ) is identical to the ORF52 sequence. The other less abundant sequences are placed in the lines below. One of the least abundant sequences (bottom line) is marked with and is identical to the ORF62. (B and C) Sequences spanning the area at and around the HDV-binding site for RNA from PLC/PRF/5 cells (B) and RNA from Hep3B cells (C). The displayed region spans amino acids 95 to 209 of the small envelope protein (the numbering is for HBV genotype A [41] and is given by counting the first N-terminal residue of the S domain as position 1), which includes the C terminus of the second transmembrane domain (C-TMII); the major antigenic loop (MAL); the third transmembrane domain (TMIII); the small cytosolic loop, which is the HDV-binding site (HDV-BS); and the N terminus of the fourth transmembrane domain (N-TMIV) (58) . For panel B, the reference sequence (shown on the top) is the closest match (99%) to the majority of the sequences recovered from Alexander cells (GenBank accession number AAA45516.1; HBV genotype A, subtype A1). A single sequence (marked with ␤) had a downstream deletion which should result in a frameshift and translation of the hybrid sequence that is different from the S sequence of HBV downstream of amino acid 209. For panel C, the reference sequence (on the top) is a 100% match to the majority of the sequences recovered from Hep3B cells (GenBank accession number CAC51288.1; HBV genotype A, subtype A2). The least abundant sequence (marked with ␤) had a T(113)TT insertion and a unique deletion, which should result in translation of the non-HBV sequences starting at position 161 and the possible production of a hybrid protein. Four premature stop codons (marked as X's) were found in the non-HBV part of this sequence. changed HDV-BS sequence, including three tryptophan residues that are critical for HDV assembly (1, 52) . These findings are in agreement with the observation that both cell lines support the assembly and secretion of HDV. The data also suggest that the low efficiency of HDV secretion by Alexander cells (Fig. 1 and Table 1) is not a result of a compromised interaction of HDV-BS with the HDV ribonucleoprotein. It also appears that the differences in infectivity between HDV-Hep3B and HDV-PLC were not mediated by the sequences of the MAL, which has the ability to influence the overall infectivity of the virions (52) , and likely reflect the absence of the L protein in HDV-Hep3B virions (Fig. 4 and 5 ) (30, 54) .
DISCUSSION
HDV persistence depends on the availability of functional L and S envelope proteins of HBV in order to maintain the assembly and infectivity of the virions (50, 52) . Since HDV requires only the envelope proteins from HBV, ongoing HBV replication may not be a prerequisite for maintenance of persistent HDV infection. The following observations support this notion: HDV-infected individuals may have high levels of HDV replication and significantly decreased or undetectable levels of HBV replication, most anti-HBV drugs that successfully suppress HBV replication do not block HDV infection, HDV can suppress HBV replication, and HDV-infected hepatocytes may appear to be free of the signs of HBV replication (2, 5, 17, (19) (20) (21) (22) (23) . A production of HBsAgs from integrated HBV DNA can be an alternative to the replication source of the envelope proteins. HBV DNA integration occurs throughout the course of infection. Since the DSL HBV genome is a main substrate for integration, the precore and pregenomic HBV RNAs are not expected to be transcribed from the integrants, while the synthesis of mRNAs for the envelope proteins can occur regardless of HBV replication (3, 16) . Therefore, hepatocytes in the liver, where HBV infection is resolved or HBV replication is significantly suppressed (by drug treatment, for example), may still be able to support persistent HDV infection by providing HBV envelope proteins from naturally integrated DNA. However, the functional properties of HBV integrant-derived envelope proteins were not fully evaluated previously, and no data exist regarding their ability to support the production of infectious virions (16, 29-31, 34, 35 ). In the current study, using two HCC-derived cell lines that bear integrated HBV DNA and have no signs of HBV replication (29) (30) (31) , we demonstrated for the first time that at least some of the HBV DNA integrant(s) expresses functional envelope proteins that facilitate the assembly of infectious HDV.
As expected, after transfection with an HDV-expressing construct, Hep3B and Alexander cells supported the replication, assembly, and release of HDV ( Fig. 1 and Table 1 ). The immunoprecipitation results suggested a very low yield of pre-S1-containing HDV virions for both cell lines (Table 1) . Regardless of the considerable levels of HDV replication, Alexander cells facilitated the lowest yield of HDV virions compared to those from transfected Huh7 and Hep3B cells (Fig. 1) . The sequencing data revealed that the majority of the integrant-derived HBV mRNAs in both cell lines code for the functional HDV-binding sequence (Fig. 6 ). Alexander cells likely have a problem with the efficiency of L protein production and not with the egress of the S-L protein complexes, since when we expressed the sequences of ORF52 and ORF62 from the plasmids with a strong promoter for the L mRNA, we observed the yields of preS1*-HDVs that were 9.3 times higher and 33 times higher, respectively, than that for HDV-PLC. This issue, however, is outside the scope of the current study.
Virions secreted from Alexander cells were able to infect PHH, while Hep3B-derived HDV appeared to be noninfectious ( Fig. 2  and 3 ). Our analysis of HBV RNAs expressed in Hep3B and PLC/ PRF/5 cells suggests the likely reasons for that. Using reverse transcription-PCR, we found on RNAs accumulated in Alexander cells the presence of sequences coding for the entire pre-S1 and pre-S2 regions along with a considerable N-terminal part of the S domain. Taken together with the fact that Alexander cells support the assembly and egress of HDV virions and considering the results of the infectivity assays, we conclude that Alexander cells express at least functional L and S proteins in quantities that are sufficient to facilitate the production of infectious HDV. Unlike for Alexander cells, our results suggest that the L protein is likely not produced in Hep3B cells, since our assay did not find full-size intact sequences coding for the pre-S1 region on the accumulated HBV RNAs, which was consistent with HDV-Hep3B being noninfectious. Our data are consistent with previous reports stating that (i) Alexander cells contain at least one integrant bearing the entire ORF for the L protein, which could facilitate the production of L, (ii) while in Hep3B cells, five different HBV-specific transcripts were detected, three of which (one predominant and two minor) were likely initiated at the pre-S2/S promoter and the other two minor transcripts might cover most of the pre-S region (at the same time, no evidence that the last two RNAs might bear the intact and complete pre-S1 domain was obtained). In addition, in the integrant that was characterized earlier in Hep3B cells, the sequences coding for the N terminus of the pre-S1 domain were deleted and the reminder of the pre-S1 domain was fused to the inverted precore/core sequences (30, 34, 35, 51, 55) .
The D1, B4, and C5 variants used in this study were collected from chronic carriers of HBV, and the envelope proteins of at least two of them, D1 and C5, supported considerable levels of HDV infectivity (Fig. 3) . This observation may indicate that if there could be a tendency of diminishing the overall infectivity of HDV particles over the course of HDV infection, such possible decrease of HDV infectivity may not be mediated by the functional deficiency of available HBV envelope proteins. Further studies are needed to examine whether during the chronic stage of HDV infection, HBV envelope proteins are able to support considerable levels of HDV infectivity.
Overall, our study demonstrated for the first time that in cells of HBV-induced HCCs, at least some HBV integrants, which were naturally incorporated into the host DNA during the infection, can produce functional L and S envelope proteins competent for facilitating the assembly of infectious HDV virions in the absence of ongoing HBV replication. The results obtained therefore provide novel information regarding the functionality of the integrant-derived HBV envelope proteins and the mechanisms of HBV-HDV interactions. As expected and in agreement with previous reports demonstrating the alterations in integrated HBV DNAs (29, 30, 35, 51) , not all integrants were able to support the production of functional HBV envelope proteins. Thus, none of the integrants in Hep3B cells was able to support the production of infectious HDV. In Alexander cells, only one out of seven HBV integrants described so far (51) may apparently facilitate the production of the functional L protein that is essential for the virions' infectivity. The generated data further support our hypothesis that HDV persistent infection in vivo may not require ongoing HBV replication, as long as functional HBsAgs are supplied from the integrated HBV DNA. Furthermore, our results (i) suggest that HDV is likely a more independent and more significant pathogen than is currently appreciated and (ii) support the implementation of medical interventions that directly target HDV and should be used along with anti-HBV drugs for HDV/HBV carriers.
In addition, taking together our recently published data indicating that HDV in vivo infects the cells of hepadnavirus-induced HCCs (56) and the results of the current study, we conclude that HBV-induced HCCs are likely able to support the entire HDV life cycle, including attachment, entry, trafficking to replication sites, and the assembly and egress of new infectious HDV virions. Therefore, our study further advances our understanding of the mechanism of the relationship between HDV infection and HCC.
